DeMill CM, Qiu X, Kisiel M, Bolotta A, Stewart BA. Investigation of the juxtamembrane region of neuronal-Synaptobrevin in synaptic transmission at the Drosophila neuromuscular junction.
neuronal-Synaptobrevin; SNARE protein; juxtamembrane region; synaptic transmission; membrane fusion CHEMICAL SYNAPTIC TRANSMISSION requires fusion of neurotransmitter-containing vesicles in a highly regulated and temporally efficient manner. This biophysical challenge is accomplished with a set of SNARE proteins (Weber et al. 1998 ): Syntaxin-1A, anchored to the plasma membrane (Oyler et al. 1989 ); SNAP-25, attached to the plasma membrane via a palmitoyl link (Bennett et al. 1992) ; and Vesicle-Associated Membrane Protein/Synaptobrevin (VAMP), anchored to the vesicle membrane (Trimble et al. 1988) . Membrane fusion occurs via formation of the well-characterized, highly stable SNARE complex where the SNARE motifs of Syntaxin, Synaptobrevin, and two from SNAP-25 associate from NH 2 (membrane distal) to COOH (membrane proximal) termini to form a 4-helix coiled coil (Sollner et al. 1993; Sutton et al. 1998 ). Assembly of this complex requires the participation of Syntaxin-bound Munc-18 and vesicle-bound Munc-13 (Ma et al. 2013; Toonen and Verhage 2007) . The complex is thought to remain in a partially assembled state, primed and ready for fusion (Hua and Charlton 1999) . Final assembly of the partially assembled, fusion-competent complex is likely prevented though an interaction between Complexin, the SNARE proteins, Synaptotagmin, and the cell's membrane as observed by increased spontaneous fusion in Complexin and Synaptotagmin knockouts (Huntwork and Littleton 2007; Loewen et al. 2001) . Full complex assembly and fusion is triggered by action potentialevoked calcium entry that binds to Synaptotagmin, likely causing a conformational change where Synaptotagmin inserts into the membrane and relieves the Complexin fusion clamp (Bharat et al. 2014) .
Conserved membrane proximal tryptophan residues found in VAMPs (Weimbs et al. 1998 ) have been hypothesized to play a role in membrane anchoring and fusion. SNARE complex assembly may produce strain on opposing membranes, which may cause lipid mixing and facilitate membrane fusion (Sutton et al. 1998) . Strong anchoring would likely be a requirement of such a mechanism. In an NMR study, we observed reduced membrane anchoring with mutation of tryptophan to alanine in Drosophila neuronal-Synaptobrevin (n-Syb) (Al-Abdul-Wahid et al. 2012) . Prior studies of vesicle fusion with Syb mutant residues have produced mixed results, such as decreased secretion from PC-12 cells (Quetglas et al. 2002) , increased liposome fusion (Kweon et al. 2003) , or no effect on liposome fusion (Siddiqui et al. 2007 ). However, neural models of Ca 2ϩ -evoked transmitter release have demonstrated reducedamplitude evoked potentials and increased miniature frequency in cultured mouse pyramidal neurons (Maximov et al. 2009 ) and reduced vesicle priming inhibiting the exocytotic burst phase in cultured chromaffin cells (Borisovska et al. 2012) when tryptophan residues are modified.
Here we aimed to investigate the function of Syb with an in vivo synaptic model system and test the hypothesis that conserved interfacial tryptophan residues in the juxtamembrane region play a functional role in synaptic transmission through strong membrane anchoring using transgenic expression of Drosophila n-syb in an n-syb hypomorphic background (Deitcher et al. 1998) . Transgenic expression in the hypomorphic background is a useful approach because the animals survive to adulthood, enabling the collection of behavioral, morphological, and electrophysiological data from the larval and adult stages. On their own, hypomorphic flies displayed severe motor inhibition, limited life span, and synaptic physiological deficits. These defects were all corrected to wild-type levels with expression of the wild-type transgene (n-syb WT ) driven by the endogenous promoter. The role of tryptophan in the juxtamembrane region was tested by producing transgenic mutants with the addition (n-syb WW ) or removal (n-syb AA ) of one tryptophan residue, while the role of the juxtamembrane region in bringing membranes into close apposition and transducing force was tested by producing mutants with a short, flexible, 6-amino acid linker (n-syb L6 ) and a long 24-amino acid linker (n-syb
L24
) inserted into the juxtamembrane region.
MATERIALS AND METHODS
Cloning. Transgenic constructs of the n-syb gene were created by PCR amplifying the entire genomic sequence (6 kb) from the corresponding BAC clone (RP98 17K18, Children's Hospital Oakland Research Institute). The high-fidelity DNA polymerase Phusion was used to reduce error (Finnzymes). BglII restriction sites incorporated at each end were used to clone the fragment into the P-element pCaSpeR2 (Thummel and Pirrotta 1992) . Because of the large size of the plasmid (13.5 kb), site-directed mutagenesis was performed on a 2-kb portion of the gene subcloned into pBlueScript (pBS; Stratagene) to produce the following: leucine 90 mutated to tryptophan (WW); tryptophan 89 and leucine 90 mutated to alanine (AA); and insertion of a linker between arginine 86 and lysine 87, GGTGGS (L6) (Table 1; Figure 1 ; see Deak et al. 2006) . The segment of the gene containing the mutated portion was cut out from pBS and replaced in pCaSpeR2 with the endogenous restriction sites NheI and MfeI. The L6 mutant was then digested with KpnI, dephosphorylated, and ligated with an oligo incorporating a KpnI overhang encoding the following amino acid sequence: GGTGGSGGS. A double insertion of the oligopeptide created the L24 linker mutant: GGTGGSGGSGGTGGSGGSGGTGGS. A V5 tag, GKPIPNPLLGLDST, was included with a subcloning procedure. Identity of constructs was confirmed by restriction analysis and sequencing (ACGT, Toronto, ON, Canada). Primers and oligopeptides were from Sigma Aldrich, while enzymes were from New England Biolabs.
Drosophila genetics. Transgenic Drosophila lines were created (92 total) with P-element transformation (Genetic Services, Sudbury, MA) with the following plasmids: pCaSpeR2-n-syb WT , . Transgenic lines were not found to rescue the n-syb null mutation either in the homozygous form (n-syb ⌬F33B /n-syb ⌬F33B ) or with the null expressed over the deficiency [n-syb ⌬F33B /Df(3L) BSC800, TM6Sb] (Bloomington Drosophila Stock Center, Bloomington, IN, no. 27372); therefore expression of transgenic wild-type and mutant n-syb were tested in the hypomorphic background (n-syb I4 /nsyb ⌬F33B ). The hypomorph, originally produced through EMS mutation, survives to adulthood but exhibits severe motor inhibition. This effect is attributed to a decreased production of endogenous n-Syb to 30% of normal levels (Deitcher et al. 1998) . Hypomorphic larvae develop normal neuromuscular junctions (NMJs) but exhibit reduced excitatory junctional currents (Stewart et al. 2000) . Production of transgenics in the hypomorphic background was accomplished by crossing flies with the transgene (1st or 2nd chromosome) and either the hypomorphic or null mutation (3rd chromosome) balanced over TM6SbTb to each other: n-syb TRANS ;n-syb I4 /TM6SbTb ϫ n-syb TRANS ; n-syb ⌬F33B /TM6SbTb. Transgenic hypomorphic flies (n-syb TRANS ;nsyb I4 /n-syb ⌬F33B ) were observed by loss of the balancer phenotypes: Tubby (larval) or Stubble (adult). Transgenes inserted on the third chromosome were tested for rescue by recombining the transgene with n-syb ⌬F33B and producing n-syb TRANS , n-syb ⌬F33B /n-syb I4 . Relative expression of transgenic protein was determined for each line with Western blot. In addition, RNA interference (RNAi) of n-syb was tested with the UAS-Gal4 system (Brand and Perrimon 1993) . RNAi flies, UAS-n-syb-RNAi, were obtained from the Vienna Drosophila RNAi Center and crossed to the pan-neural driver ELAV-Gal4.
Climbing assay. A climbing assay was used to assess the motor impairment in all of the 92 transgenic lines produced. Flies (10 groups of 4 per line) were placed in a 100-ml graduated cylinder (18 cm) and tapped to the bottom to initiate negative geotaxis (Ganetzky and Flanagan 1978) . The time to top, or maximum height achieved within the 2-min maximum time allotted, was determined for all lines. One representative line from each of the original five transgenic constructs was objectively selected for further study on the basis of successful performance of this test.
Morphology and immunofluorescence microscopy. Wandering third instar larvae were dissected in HL3 (Stewart et al. 1994 ) and fixed for 10 min in 4% EM-grade paraformaldehyde in phosphatebuffered saline (PBS). For overall NMJ morphology, larvae were washed in PBS with 0.1% Triton X (PBT) and then blocked with normal goat serum (0.05 vol/vol) for 1 h. Preparations were then incubated with 1:1,000 FITC-conjugated goat anti-HRP for 1 h and washed in PBT. For synaptic vesicle labeling, larvae were washed with 10% PBS-Tween 20 (Bio-Rad), blocked with normal goat serum, and then washed three times with PBS-Tween. Larvae were stained with 1:1,000 rabbit polyclonal anti-Synaptotagmin antibody, followed by the secondary antibody, Alexa Fluor 488 goat anti-rabbit IgG, at a 1:1,000 dilution. Between primary and secondary antibody staining, another wash was performed with 10% PBS-Tween for 1 h, three times at 20 min each. Likewise, at the end of staining, the washing protocol was conducted for a final time. Larval were then mounted onto slides in Vectashield Mounting Medium for Fluorescence (Vector Laboratories). Images were obtained with a LSM510 (Carl Zeiss) confocal laser microscope with a 200-mW argon laser. To image NMJs, Z sections were collected for NMJ on muscles 6/7 in segments 3-5, 2 per larva, at 1-m intervals. For Synaptotagmin staining specifically, a ϫ40/NA 1.4 oil immersion lens was used and imaging parameters, including gain, zoom, pinhole size, and laser output, were kept constant to allow for proper comparative analysis. The resultant images were merged onto a single plane in ImageJ. The average NMJ length, number of branches, and number of boutons were determined for each genotype. Quantification of fluorescence was performed in ImageJ with the analyze particles feature. Images were converted to a binary format using the same threshold value for all images. A general region of interest was drawn around the NMJ, and then the software objectively identified each bouton and calculated an average fluorescence for the NMJ.
Synaptic physiology. Wandering third instar larvae were selected for electrophysiological characterization. Intracellular recordings from muscle 6 in segments 3 and 4 were made with a glass microelectrode pulled to a diameter with a resistance of ϳ20 M⍀ when filled with 3 M KCl. Muscle cells with a membrane potential more hyperpolarized than Ϫ60 mV and a resistance of Ͼ5 M⍀, determined with a 1-nA pulse, were selected for study. Recordings were made in standard HL3 (Stewart et al. 1994 ) with 1.0 mM CaCl 2 except where indicated. Initially, 2-min recordings were taken from each muscle cell to observe the frequency and amplitude of spontaneous release. Preparations were then stimulated by shocking the nerve running to the corresponding hemisegment 16 times at 0.1 Hz to determine the average evoked EJP. Immediately after this, a 5-min train of stimuli at 10 Hz was delivered, followed by 16 stimuli at 0.1 Hz. Only recordings that consisted of faithful stimulation of both axons leading to the hemisegment for the entire 5-min train were included in analysis of 10-Hz stimuli. EJP amplitudes were corrected for nonlinear summation. Synchronicity of release was determined from the 16 stimuli at 0.1 Hz and the first 16 stimuli at 10 Hz. The time to peak from an arbitrary point was determined for each EJP in the set, and then variance was calculated for each set of stimuli with the formula Α(x Ϫ x) 2 /(n Ϫ 1). Quantal content of evoked release was determined with the method of failures. The preparation was stimulated 500 times at 1 Hz in low (0.2 mM) CaCl 2 (n ϭ 6). The number of failures was determined as the number of stimuli with amplitudes falling below 0.2 mV, and the (Petersen et al. 1997) .
Analysis. Most data sets were compared in two ways to reflect the fact that two control lines were used in this study: Oregon-R (Ore-R) and n-syb WT transgenic hypomorphs. First, differences between all groups (Ore-R, hypomorph, n-syb RNAi, and the 5 transgenic hypomorphs) were assessed with a one-way ANOVA and compared with the Dunnett's multiple-comparison test to the Ore-R control line. Second, differences within the transgenic hypomorphic lines (n-
were also assessed with a one-way ANOVA and compared with the Dunnett's multiplecomparison test to the n-syb WT transgenic control line. Graphs were produced with MS Excel and statistics calculated with GraphPad.
RESULTS
In total, we established 92 transgenic lines bearing transgenes that carry the wild-type (WT) sequence, or mutants that bear 2 tryptophan residues (WW), 2 alanine residues (AA), or linker insertions of 6 (L6) or 24 (L24) amino acids (Table 1 ; Fig. 1A ). We undertook pilot studies to characterize these lines with a parallel, two-pronged approach: functional characterization and analysis of protein expression. It was important to first determine whether wild-type transgenes could rescue the phenotypes of the hypomorphic allele and then determine whether transgenes bearing n-syb mutations performed differently than the wild-type.
Climbing assay. To functionally test for transgenic rescue of the hypomorphic phenotype, the ability of a fly to climb a glass graduated cylinder after being tapped to the bottom was used to assess motor impairment. Wild-type Ore-R flies climbed quickly to the top of the cylinder, while n-syb hypomorphs and n-syb RNAi flies attempted but were unable to climb (Fig. 1B) . Overall, hypomorphic flies expressing transgenic n-syb (wild type or mutant) were able to perform the task well but with some differences. While most n-syb WT , n-syb AA , and n-syb L6 flies were able to complete the task, only 70% of n-syb WW and 60% of n-syb L24 made it to the top in the 2 min allotted (Fig.  1Bi) . Of those flies that did climb to the top, no difference was observed in the time taken in the transgenic mutant lines compared with the transgenic wild-type control ( Fig. 1Bii ; ANOVA, P Ͼ 0.05). However, for total height achieved, a slightly higher value was observed in n-syb AA compared with n-syb WT ( Fig. 1Biii ; ANOVA, Dunnett's multiple comparison, P ϭ 0.001). In summary, no major differences were observed between the different transgenic lines' ability to rescue the hypomorphs' motor impairment. While only results for those lines selected for further study are shown here, all 92 transgenic lines were tested (DeMill 2013).
Life span. Flies carrying the hypomorphic allele had a much shorter average life span (4.2 Ϯ 0.4 days; mean Ϯ SE) compared with Ore-R control flies (92 Ϯ 7 days), which was restored with transgenic expression of n-syb WT (59 Ϯ 6.3 days) (Fig. 1C) . Reduced n-syb expression, observed in the n-syb RNAi line, also showed reduced life span similar to hypomorphs (5.6 Ϯ 0.5 days). Among transgenic lines in the hypomorphic background, two mutant lines, n-syb AA and nsyb L24 , showed significantly longer life spans (84 Ϯ 7.1 and 89.6 Ϯ 5.0 days, respectively) than n-syb WT (ANOVA, Dunnett's multiple comparison, P Ͻ 0.001). Therefore, expression of wild-type or mutant n-syb in the hypomorphic background dramatically improved life span to near-control (Ore-R) levels compared with the hypomorph alone and mutations to the juxtamembrane region of n-syb did not deleteriously affect life span.
Analysis of n-syb transgenic protein in an n-syb hypomorphic background. Expression of protein in transgenic hypomorphic adults (n-syb TRANS ;n-syb I4 /n-syb ⌬F33B ) was determined in samples of crushed fly heads or bodies via Western blot for most lines produced and is shown for those lines selected for further study (Fig. 1D) . For additional data from transgenic lines not described in this report see DeMill (2013) . Transgenic protein was found to express predominantly in samples prepared from heads vs. bodies, indicating primarily neural expression (data not shown). Bands observed corresponded to the expected size of n-Syb (20 kDa) for n-Syb WT , n-Syb WW , and n-Syb AA , while bands indicating larger proteins were found for n-Syb L6 and n-Syb L24 . Although the endogenous promoter was included in transgenic constructs, we expected variability of expression due to position effects, which we observed. We therefore attempted to further characterize lines with similar levels of expression. However, we observed that the level of transgenic protein expression did not correlate with the functional abilities of the lines. That is, some of the most functional lines exhibited the lowest levels of protein expression. It is important to note that although we see differences in the ability of distinct lines to rescue, we cannot rule out that some of the effects we observe are due to altered levels of transgene expression.
Morphology. We did not expect that the morphology of the NMJ would be altered by the n-syb transgenes because previous studies have found no effect of reduced levels of n-syb expression on NMJ development (Deitcher et al. 1998; Stewart et al. 2000) . When comparing the overall length of the NMJ, a modest increase was observed in n-syb WT , n-syb AA , and n-syb RNAi vs. the Ore-R control ( Fig. 2Ai ; ANOVA, Dunnett's multiple comparison, P Ͻ 0.01); however, no difference was observed when the mutant transgenics were compared to nsyb WT , the transgenic control. The number of branches observed in an average NMJ was mostly the same between genotypes, with only a slight significant increase in n-syb RNAi compared with Ore-R ( Fig. 2Aii ; ANOVA, Dunnett's multiple comparison, P Ͻ 0.05). We did find a modest increase in the number of boutons observed in n-syb L6 and n-syb L24 transgenic mutants compared with Ore-R ( Fig. 2Aiii ; ANOVA, Dunnett's multiple comparison, P Ͻ 0.001), but again, no significant difference was observed when comparing transgenic mutant lines to the transgenic control, n-syb WT . In summary, major differences in NMJ morphology were not observed between the mutant transgenic lines compared with the wild-type transgenic line expressed in the hypomorphic background.
Although the transgenic proteins included the V5 epitope tag, attempts to stain the NMJ with V5 antibodies were unsuccessful. Therefore, a general survey of vesicle abundance was estimated with an antibody to the vesicular protein Synaptotagmin (Fig. 2B) . Here, average fluorescence intensity in control lines is plotted separately from transgenic lines in order to illustrate observed differences. Compared with the Ore-R control, a 20% increase in fluorescence intensity was observed in n-syb WT while an approximate 25% decrease was observed in n-syb WW and n-syb L6 (ANOVA, Dunnett's multiple comparison, P Ͻ 0.001). Among the transgenic lines, a 30 -40% decrease in fluorescence intensity was observed in n-syb WW , n-syb L6 , and n-syb L24 compared with n-syb WT (ANOVA, Dunnett's multiple comparison, P Ͻ 0.001).
Synaptic physiology. Physiological analysis of synaptic transmission is presented by first demonstrating the deleterious effects of the n-syb hypomorphic mutant on transmitter release and the rescue of these deficits by the n-syb WT transgenic line (Fig. 3) . Next, the effects of mutations to n-syb on transmitter release are demonstrated through comparison to the n-syb WT transgenic line (Fig. 4) . While only one line per genotype was fully characterized, additional lines were initially surveyed to ensure that the results were representative of a particular genotype.
We analyzed evoked synaptic responses by stimulating the motor nerve and measuring excitatory junctional potentials (Fig. 3A) . As expected, the hypomorphic allele produced significantly smaller EJPs compared with the Ore-R control (12.2 Ϯ 2.0 mV vs. 28.6 Ϯ 1.2 mV; ANOVA, Dunnett's multiple-comparison test, P Ͻ 0.001). The wild-type n-syb ** ** ** transgene substantially restored synaptic function to the hypomorph, producing EJPs of 28.9 Ϯ 1.3 mV in n-syb WT larvae, almost identical to that of Ore-R. Our measurements of frequency and amplitude of spontaneous fusion events revealed no significant difference between control, hypomorph, and the wild-type n-syb transgene expressed in the hypomorphic background ( Fig. 3B ; ANOVA, P Ͼ 0.05). Because there was no significant difference in miniature amplitude, a plot of quantal content, calculated by simply dividing EJP amplitude by miniature EJP amplitude, was similar to evoked potentials with the hypomorph producing a significantly reduced quantal content to Ore-R ( Fig. 3Aiii ; ANOVA, Dunnett's multiple-comparison test, P Ͻ 0.001) and no difference in n-syb WT . We next sought to challenge neurons with a higher rate of synaptic activity. Preparations were simulated at 10 Hz for 5 min to investigate possible effects on the readily releasable or recycling pool of vesicles. A typical profile for wild-type lines stimulated at 10 Hz is an initial depression of EJP amplitude for the first 10 s to ϳ90% of the pretrain amplitude (Fig. 3Cii , stimulus 100), followed by potentiation to ϳ110% at ϳ2 min (Fig. 3Cii, stimulus 1500) , which is then maintained for the duration of the train (Kisiel et al. 2011; Seabrooke et al. 2010) . The hypomorph, which has a small initial output, responded with immediate potentiation during the first 20 s, peaking at ϳ160% of the pretrain amplitude. The preparation then maintained ϳ150% pretrain amplitude for the duration of the train (Fig. 3C) . By stimulus 9, this difference is significant and is maintained for the duration of the train ( Fig. 3Cii ; ANOVA, Dunnett's multiple-comparison test to Ore-R, P Ͻ 0.05). Normal synaptic function was restored with expression of the wild-type transgene where response of n-syb WT to 10-Hz stimulation resembled the control, Ore-R.
Ai
EJPs stimulated in a wild-type preparation tend to be well synchronized with respect to the stimulus used to evoke them where the time to peak amplitude is consistent on a pulse-bypulse basis. Disruption to membrane fusion, therefore, may be observed as a loss of synchronicity in time to EJP peak amplitude. We therefore measured the time of peak amplitude for each EJP in a series of 16 stimuli and calculated the variance of the response. For Ore-R larvae we found that the time to EJP peak occurred within a range of 1.8 Ϯ 0.2 ms and had a variance of 0.27 Ϯ 0.06 at 0.1-Hz stimulation. For 10-Hz stimulation we found a range of 1.9 Ϯ 0.2 ms and a variance of 0.29 Ϯ 0.04 (Fig. 3D) . This consistency in time to peak was lost in the n-syb hypomorphic and n-syb-RNAi larvae, which showed ranges of 3.9 Ϯ 0.5 ms and 8.0 Ϯ 0.6 ms, respectively, and corresponding variances of 1.4 Ϯ 0.4 and 6.6 Ϯ 1.0 for 0.1-Hz stimulation and an even greater effect with 10-Hz stimulation. Expression of n-syb WT in the hypomorphic background restored normal timing for synaptic transmission. A range of 1.9 Ϯ 0.2 ms and a variance of 0.33 Ϯ 0.07 were shown for 0.1-Hz stimulation and a range of 2.4 Ϯ 0.3 ms and a variance of 0.42 Ϯ 0.12 for 10-Hz stimulation.
The quantal content of evoked release in 0.2 mM CaCl 2 was measured with the method of failures. We found that quantal content was significantly reduced in the hypomorphic and n-syb-RNAi lines compared with Ore-R ( Fig. 3E ; ANOVA, Dunnett's multiple-comparison test, P Ͻ 0.001). This reduction was restored with expression of the wild-type transgene in the hypomorphic background, n-syb WT . With the demonstration that the wild-type transgene rescued physiological deficits observed in the hypomorph, mutant versions of the transgene could be tested. The addition of one tryptophan residue (n-syb WW ) yielded EJPs that were similar to the wild-type transgenic (34.4 Ϯ 1.6 mV), but larvae bearing a mutation of tryptophan to alanine (n-syb AA ) had EJPs that were significantly smaller than n-syb WT (18.9 Ϯ 2.3 mV), under low-frequency stimulation (Fig. 4A) . Insertion of a 6-residue linker in the juxtamembrane region (n-syb L6 ) also resulted in significantly smaller EJPs (22.5 Ϯ 2.8 mV), but addition of a 24-residue linker (n-syb L24 ) did not seem to affect EJP amplitude. EJPs in these larvae were 27.8 Ϯ 1.8 mV, similar to n-syb WT . In summary, a significant decrease in the amplitude of EJPs resulting from evoked neurotransmitter release was observed for n-syb AA and n-syb L6 compared with n-syb WT (ANOVA, Dunnett's multiple-comparison test, P Ͻ 0.01).
Stimulation of n-syb mutant transgenic lines in the hypomorphic background with 10-Hz stimulation demonstrated an effect on the recycling pool of vesicles in some of the mutants (Fig. 4C ). The addition of one tryptophan (n-syb WW ), expressed in the hypomorphic background, was similar to the wild-type transgenic with initial depression, but with a faster return to prestimulus level (15 s) followed by depression after ϳ2 min, reaching ϳ80% prestimulus amplitude by the end of the train. Mutation of tryptophan to alanine (n-syb AA ) resulted in a profile similar to the wild-type transgenic, with initial depression somewhat greater than wild-type, reaching a minimum amplitude at ϳ20 s of 10-Hz stimulation. The output of the NMJ returned to initial baseline levels at ϳ90 s after the onset of the 10-Hz train. Addition of a 6-amino acid linker (n-syb L6 ) resulted in a 10-Hz stimulation profile similar to the wild-type transgenic with initial depression, but amplitudes never fully returned to prestimulus levels and remained at ϳ80% prestimulus levels. Finally, the 24-amino acid flexible insert (nsyb L24 ) resulted in a 10-Hz stimulation profile similar to nsyb L6 , but with initial depression occurring more slowly. Therefore, insertion of a flexible linker in the juxtamembrane region of n-syb may have affected vesicle cycling.
Close inspection of the first few stimuli of the 10-Hz trains can reveal an effect on the readily releasable pool of vesicles (Fig. 4C, iii and iv, stimuli 3, 6, and 9) . Both the n-syb WW and n-syb AA mutants showed a rate of depression similar to nsyb WT , indicating no effect on the readily releasable pool. However, the addition of linkers to the juxtamembrane region (n-syb L6 and n-syb
L24
) did result in greater initial depression in Fig. 4 . Electrophysiological analysis of transgenic mutants. The effect of mutation of tryptophan or insertion of flexible linkers in the juxtamembrane region of n-Syb on synaptic transmission is demonstrated with the same tests as in Fig. 3 . Ai: EJPs evoked with 0.1-Hz stimuli in 1.0 mM CaCl 2 ; n ϭ 10 -15 per genotype. Aii: representative EJPs from 1 preparation, average of 16 stimuli. Aiii: quantal content in 1.0 mM CaCl 2 calculated by dividing evoked potential amplitude by miniature potential amplitude; n ϭ 10 -15. B: average spontaneous miniature potential amplitude and frequency; n ϭ 10 -15. C: effect of stimulation at 10 Hz; n ϭ 5-7. D: analysis of synchronicity in time to peak on a pulse-by-pulse basis; darker bar indicates stimulation at 0.1 Hz, while lighter bar indicates stimulation at 10 Hz. n ϭ 10 -15; variance calculated with the formula Α(x Ϫ x) 2 /(n Ϫ 1). E: analysis of quantal content in 0.2 mM CaCl 2 with the method of failures; n ϭ 6. *P Ͻ 0.05, **P Ͻ 0.01. the first few stimuli. This could indicate a reduced number of vesicles in the readily releasable pool.
In contrast, reduced n-syb expression, as observed in the hypomorph and RNAi lines, responded to 10-Hz stimulation in a fundamentally different manner. Here, initial release was low but quickly facilitated during the train, perhaps because of a buildup of residual calcium, whereas transgenic expression of n-syb mutants resulted in a stimulation profile of initial depression, with several of the lines unable to maintain release at prestimulus levels. This opposite response lends evidence to the claim that the deficits observed in the transgenic mutants during 10-Hz stimulation resulted from mechanistic inhibition imposed by the mutations, or alteration in vesicle abundance, rather than an artifact of low protein expression.
Measurement of EJP synchronicity of n-syb WW synapses showed temporally consistent EJPs, similar to those of Ore-R and n-syb WT . However, mutation of tryptophan to alanine, n-syb AA , demonstrated an effect on the timing of synaptic transmission. Time to peak with 0.1-Hz stimulation had a range of 2.6 Ϯ 0.4 ms with a variance of 0.67 Ϯ 0.23, while time to peak during 10-Hz stimulation ranged by 4.5 Ϯ 1.0 ms with a variance of 1.73 Ϯ 0.64. Increasing stimulation frequency to 10 Hz did reveal a significant difference in the variance of time to peak for n-syb AA transgenics in the hypomorphic background ( Fig. 4Dii ; ANOVA, Dunnett's multiple-comparison test compared with n-syb WT , P ϭ 0.03). The insertion of flexible linkers in the juxtamembrane region did not have a significant effect on the timing of synaptic transmission in this system. In summary, elimination of tryptophan was observed to increase the variance in time to peak, indicating a decrease in the synchronicity of release.
Measuring synaptic transmission in 0.2 mM CaCl 2 demonstrated that the addition of one tryptophan residue to the juxtamembrane region, n-syb WW , had a quantal content similar to Ore-R and n-syb WT but mutation of tryptophan to alanine, n-syb AA , resulted in a significant reduction in quantal content. The insertion of flexible linkers into the juxtamembrane region, n-syb L6 and n-syb L24 , also demonstrated significantly reduced quantal content ( Fig. 4E ; ANOVA, Dunnett's multiple-comparison to n-syb WT , P Ͻ 0.001). Therefore, elimination of tryptophan or insertion of flexible linkers in the juxtamembrane region reduced quantal content.
DISCUSSION
A functional role for the juxtamembrane region of n-Syb in neurotransmitter vesicle fusion was confirmed with transgenic expression of wild-type and mutant forms of n-syb in a hypomorphic background. Mutation of the conserved interfacial tryptophan residue to alanine (n-syb AA ) reduced the amplitude, synchronicity, and quantal content of evoked release, whereas addition of a tryptophan residue (n-syb WW ) had relatively little effect on synaptic responses. Addition of a flexible 6-amino acid segment to the juxtamembrane region (n-syb L6 ) reduced evoked release and decreased quantal content, while a 24-amino acid segment (n-syb L24 ) resulted in normal evoked release but with decreased quantal content in 0.2 mM CaCl 2 . This represents the first demonstration of mutations to a VAMP, expressed in a living animal model, where full electrophysiological and behavioral characterization has been performed.
Because transgenic flies were produced through random genomic insertion, most of the 92 lines were tested for level of transgenic protein expression and a set of lines with similar expression levels were initially selected for study. However, it became evident through behavioral and electrophysiological observations that several of these lines did not rescue the hypomorphic allele and a different strategy had to be employed. Therefore, the climbing assay was used to test all transgenic lines for rescue of the hypomorph, and the line of a particular genotype that performed the best was selected for further study. Interestingly, there was no correlation between level of transgenic protein and rescue of the hypomorph. Therefore, the climbing assay allowed for the objective selection of transgenic lines for each genotype that produced the best functional expression rather than erroneous selection of lines expressing high levels of mislocalized protein. Ideally, we would like to know the precise synaptic localization of the transgene, but the unexpectedly low immunofluorescent reactivity of the V5-protein tag made this determination difficult. Nonetheless, we were able to generate important data on the synaptic effects of mutations to the juxtamembrane region of n-Syb.
Transgenic expression of n-syb AA in the hypomorphic background displayed reduced evoked fusion and decreased quantal content, while n-syb WW resembled the wild-type. No evidence for a difference in vesicle docking or mobilization was found with 10-Hz stimulation, indicating that the electrophysiological phenotype observed resulted during evoked release and was not a secondary artifact of a trafficking problem. Furthermore, a deficit to synaptic transmission in n-syb AA mutants was demonstrated with decreased synchronicity of fusion and reduced quantal content. It is not expected that these results were simply caused by a reduced expression level of n-syb AA . Although the hypomorph also showed reduced evoked release, a profound difference was observed in the response to 10-Hz stimulation. The hypomorph responded to 10-Hz stimulation with immediate potentiation from an initial average amplitude of ϳ12 mV to a peak of ϳ20 mV. This mutant produces only 30% normal n-Syb, which may or may not be evenly distributed among vesicles. Assuming a normal number of vesicles, which Synaptotagmin staining supports (Fig. 2B) , the reduction in evoked release with low-frequency stimulation likely results from a reduced proportion of vesicles available for release to a given calcium signal. Increasing calcium through higher-frequency stimulation would allow for the signaling of more reluctant vesicles to fuse. This is similar to typical lowprobability NMJ such as the crayfish opener muscle (Atwood 1976; DeMill and Delaney 2005) . The transgene, n-syb AA , is expressed in this background and could be envisioned as transgenic n-Syb integrating with reduced endogenous n-Syb among vesicles. If the reduced EJP amplitude in n-syb AA was simply a result of low-level expression, one would expect the synapse to respond like a typical low-probability release NMJ. This reduced probability would manifest as facilitation during 10 Hz stimulation. This is not the case, as n-syb AA is identical to n-syb WT during the first 10 stimuli and actually demonstrates greater depression than n-syb WT during the first 90 s. Therefore it is safe to conclude that the synaptic deficits observed in n-syb AA result from a mechanistic alteration of vesicle fusion rather than simply not enough n-Syb. (Kweon et al. 2003 ) or no effect (Siddiqui et al. 2007 ) using VAMP2 with W89S/ W90S mutations. These results are contrasted by an observed decrease in the exocytotic burst phase from chromaffin cells expressing W89S/W90S mutations (Borisovska et al. 2012 ). It should not be assumed that the substitution of tryptophan for either alanine or serine would have the same effect, because serine's hydrophilic nature may expose the membrane proximal region whereas alanine, a hydrophobic residue, may not. Indeed, our recent biophysical study of n-syb with W89A/ L90A mutations demonstrated deeper insertion and reduced anchoring in a DPC micelle (Al-Abdul-Wahid et al. 2012) . Therefore, it would appear likely that the physiological effect of reduced evoked neurotransmitter release may result from decreased anchoring of VAMP to the vesicular plasma membrane.
Tryptophan residues are common in transmembrane proteins near the end of the transmembrane domain (Wimley and White 1996) and are thought to determine the precise positioning of membrane proteins (Killian and von Heijne 2000; Ridder et al. 2000) . But beyond simple localization, tryptophan residues have been hypothesized to play a direct role in facilitating membrane fusion through anchoring, lipid mixing (Hu et al. 2002; Jahn and Sudhof 1999; Sutton et al. 1998) , and imparting an angle to the transmembrane domain (Bowen and Brunger 2006) . Interestingly, viral fusion proteins, which must overcome the same fundamental biophysical challenges as SNARE proteins, often have conserved tryptophan residues localized at the membrane interface. Indeed, mutation of tryptophan residues in fusion proteins of herpes simplex virus, HIV, influenza, and Ebola have been found to inhibit membrane fusion (Freitas et al. 2007; Galdiero et al. 2008; Lai and Tamm 2007; Salzwedel et al. 1999) .
The second hypothesis investigated in this study was the requirement for a short distance between the SNARE and transmembrane domains to enable membranes to be brought into close apposition to facilitate membrane fusion. The addition of a short flexible linker (n-syb L6 ) resulted in reduced evoked release, while the addition of a long flexible linker (n-syb L24 ) unexpectedly did not. Previous experiments analyzing vesicle fusion from hippocampal neuronal culture cells with 12-and 24-amino acid inserts demonstrated elimination of evoked release (Deak et al. 2006) . In addition, a trend of increased inhibition of fusion with increased insertion length was observed in liposomes (McNew et al. 1999 ) and chromaffin cells (Kesavan et al. 2007 ). With 10-Hz stimulation, both linker mutants demonstrated an effect on the readily releasable pool and were unable to maintain evoked release at prestimulus levels, which may indicate some effect on vesicle cycling, which has also been observed in chromaffin culture cells (Kesavan et al. 2007 ). Interestingly, the three mutants, nsyb WW , n-syb L6 , and n-syb L24 , that showed an inability to maintain evoked release at baseline levels during the 10-Hz train (Fig. 4 , Ci and Cii) also showed reduced Synaptotagmin staining (Fig. 2B) , perhaps indicating a reduction in the total number of vesicles available.
One explanation for the unexpected success of the n-syb L24 mutant would be that Syntaxin acted to stabilize n-Syb during formation of the SNARE complex (Stein et al. 2009 ). The 24-amino acid flexible linker could be long enough to simply fold out of the way. This could be tested with simultaneous expression of a similar insert in Syntaxin as demonstrated by McNew et al. (1999) in the liposome fusion assay. Importantly, this result highlights the necessity for testing mutations in a variety of models including whole animal expression. Both linker mutants and n-syb AA demonstrated reduced quantal content when measured in low calcium with the method of failures. When stimulated in this assay the n-syb WT NMJ released one quanta ϳ80% of the time, while the three aforementioned mutants only released one quanta ϳ30% of the time. If all of the mutants have the same number of release sites, then we could conclude that they also have a reduced probability of release. The hypomorph, by this logic, also shows a reduced probability of release. From our previous interpretation of 10-Hz stimulation, we concluded that the hypomorph functions like a typical low-probability release NMJ with many vesicles that are reluctant to fuse but respond to an increased calcium signal. The three n-syb mutants, however, do not respond to an increased calcium signal driven by 10-Hz stimulation like a typical low-probability release synapse but rather resemble wild type or show increased depression. Therefore the deficits observed in the n-syb transgenic mutants likely result from mechanical inhibition of vesicle fusion imposed by the mutations and are not simply rectified by increasing the calcium signal with higher-frequency stimulation. Thus we can conclude that mutation of the juxtamembrane region of n-syb does inhibit vesicle fusion.
By observing transgenic expression of n-syb mutants it became evident that although these mutations do have significant effects on synaptic physiology, supporting a mechanistic role for the juxtamembrane region of the protein in vesicle fusion, the animals appeared mostly unaffected. For the most part, the mutants exhibited normal life span and climbing ability that contrasted sharply with the hypomorph, which only survived a few days and could barely move. There were subtle effects where n-syb AA did have a longer life span than n-syb WT and n-syb L24 showed a somewhat reduced climbing ability. It would be interesting to determine whether the reduction in evoked release observed in the larval preparation could cause subtle phenotypes during the lifetime of the fly, such as an impairment of learning and memory or social behaviors.
In conclusion, analysis of transgenic Drosophila expressing wild-type and mutant n-syb demonstrates that the juxtamembrane region plays a functional role in membrane fusion and is not simply a linker between the SNARE and transmembrane domain. Substitution of the interfacial tryptophan residue significantly impairs synaptic physiology, as does the insertion of a short flexible linker between the SNARE and transmembrane domains. 
